Mixed intestinal bacteria were grown for 336 h in two identical single-stage chemostats at low growth rates in a carbohydrate-limited medium. Complex bacterial populations were maintained and anaerobes always outnumbered aerobes. The predominant organisms belonged to the genera Bacteroides, Bifidobacterium, Lactobacillus, Clostridium, Eubacterium, Propionibacterium, Peptococcus, and Peptostreptococcus. Bacteroides species predominated in both fermentors, particularly B. ovatus and B. thetaiotaomicron. A high degree of reproducibility of bacteriological and fermentation product data was obtained in these experiments. When gut contents were inoculated into a five-stage continuous culture system (retention time of 79 or 38 h) containing soya bran, the medium flow rate had little quantitative effect on the formation of acidic fermentation products; however, more oxidized fermentation acids were produced at the higher retention time. Diverse bacterial populations were maintained in every vessel at each flow rate. Bacteroidesfragilis group organisms, especially B. ovatus, were numerically the most important. The viability of bacteria decreased through the system, especially at a retention time of 79 h, when the bacteria were growing under severely nutrient-limited conditions.
The human colon is a highly complex ecosystem with more than 400 different bacterial species (10, 26) . The activities of these bacteria have a considerable impact on the well-being of the host (2, 3, 29) , yet little is known of the mechanisms that control their growth and metabolism in vivo. There are major difficulties in studying the gut microflora in vivo due to the inaccessibility of the healthy colon. Previous workers have used conventional chemostats to study the microbial ecology of the mouse cecum (13) , while the rat gut has been simulated by a two-stage continuous culture system (37) and semicontinuous cultures have been used in studies with human gut bacteria (4, 25) . We have previously employed a five-chamber continuous culture model to investigate the breakdown of protein and carbohydrate by human large intestinal bacteria, but detailed bacteriological analyses were not performed (1) .
The aims of this study were twofold: first, to ascertain whether complex populations of bacteria characteristic of those occurring in the large gut could be reproducibly maintained when grown under multisubstrate-limited conditions in single-stage chemostats; second, to extend these studies to a more complex five-stage continuous culture system.
MATERIALS AND METHODS
Single-stage chemostats and growth medium. Two identical chemostats were inoculated with 5 g of fresh feces from a nonmethanogenic individual. After 24 h of equilibration, sterile medium was added to give a dilution rate of 0.04/h. The growth medium contained the following: glucose, 7.5 g/liter; starch, 0.5 g/liter; pectin, 0.5 g/liter; arabinogalactan, 0.5 g/liter; xylan, 0.5 g/liter; peptone, 0.5 g/liter; yeast extract, 5 g/liter; tryptone soya broth, 0.5 g/liter; cysteine, 0.5 g/liter; NaHCO3, 0.4 g/liter; NaCl, 0.08 g/liter; K2HPO4, MgSO4 7H20, 0.008 g/liter; hemin, 0.005 g/liter; vitamin solution, 10 ml/liter (41) ; trace element solution, 1 ml/liter (9) ; and Tween 80, 1 ml/liter. The culture vessels had operating volumes of 0.89 and 0.90 liter and were magnetically stirred at 37°C. The culture pH (7.0) was controlled by using a modular fermentor pH controller (Gallenkamp), and anaerobic conditions were achieved by maintaining the chemostats under a headspace of N2 gas. Samples (10 ml) were removed at 24-h intervals and transferred into an anaerobic cabinet for serial dilution and plating on selective or nonselective media. Samples were saved for dry weight (18) , volatile fatty acid (VFA) (16) , ammonia (36) , and carbohydrate (8) analyses.
MCS. A five-stage continuous culture system, a multichamber system (MCS), was used to investigate the effects of nutrient availability and dilution rate. All five vessels were continuously stirred, inoculated with fresh feces from the same individual used for the single-stage chemostats, and allowed to equilibrate for 24 h. The operating volumes of the vessels ranged from 0.33 to 0.35 liter, and the pH of each vessel (6.8) was controlled as previously described (7) . The system was run for 18 days at 24.4 ml/h (retention time, 79 h) and 18 days at 50.2 ml/h (retention time, 38 h). Each vessel of the system was maintained under a headspace of oxygenfree nitrogen. Samples were taken at 2-day intervals. The growth medium contained the following: milled soya bran, 10 .0 g/liter; bile acids, 4.5 g/liter; NaCl, 9.0 g/liter; KCl, 2.5 g/liter; KH2PO4, 5.0 g/liter; MgSO4 7H20, 0.3 g/liter; CaCl2 2H20, 0.2 g/liter; NaHCO3, 2.5 g/liter; CoCl2 6H20, 0.1 g/liter; MnCl2 4H20, 0.1 g/liter; cysteine, 1.8 g/liter; NH4Cl, 2.0 g/liter; Tween 80, 2.0 g/liter; hemin, 0.01 g/liter; trace element solution, 1 ml/liter (9); and filter-sterilized vitamin solution (milligrams per liter; riboflavin, 360; pyridoxine hydrochloride, 400; pantothenate, 300; thiamine hydrochloride, 400; nicotinamide, 450; vitamin B12, 20; biotin, 150; p-aminobenzoic acid, 20; folate, 10), 2 ml/liter. Chemical analyses. Bacteria were removed from samples by centrifugation (27,000 x g, 8 min) and the supernatants were stored at -20°C. VFAs and other carboxylic acids were detected by gas chromatography, using procedures described by Holdeman et al. (16) . Ammonia was measured by the phenolhypochlorite method of Solorzano (36) . Polymerized carbohydrate, oligosaccharides, and free sugars were measured by gas chromatography, using methods described by Englyst et al. (8) .
Bacteriology. Samples of culture were serially diluted in an anaerobic cabinet (80:10:10 N2-CO2-H2 atmosphere), using half-strength Wilkins-Chalgren broth. A range of selective and nonselective plating media were used to select and isolate specific groups of bacteria (Table 1) . Triplicate plates wre inoculated with 0.1 ml of sample from the appropriate dilution and incubated at 37°C either anaerobically or aerobically for 5 days. Total bacterial counts were taken from the nonselective plates, which yielded approximately 100 colonies per plate. All colonies isolated from selective media, were initially characterized from colonial appearance, cell morphology, Gram stain, and fermentation products produced after growth in PYG medium, using criteria described by Holdeman et al. (16) . Biochemical reactions on API 20A test strips (Analytab Products), nitrate reduction, sulfate reduction, and catalase activity were also noted (19) . Bifidobacteria were identified from the presence of fructose-6-phosphate phosphoketolase activity (35) . Bacteroides fragilis group organisms were isolated on Bacteroides mineral salt agar, which had the following composition (in grams per liter): glucose, 15; KH2PO4, 4; Na2HPO4, 2; (NH4)2SO4, 0.5; NaCl, 9; MgCl2 7H20, 0. 15; CaCl2-2H20, 0.01; MnCl2 4H20, 0.1; CoCl2 6H20, 0.1; cysteine, 0.8; NaHCO3, 1.5; hemin, 0.01; vitamin B12, 0.005; FeSO4 7H20, 0.001; nalidixic acid, 0.01; vancomycin, 0.003; and purified agar, 20 .
Chemicals. All chemicals were supplied by Sigma Chemical Co., except the formulated bacteriological media and GN supplements, which were purchased from Oxoid, and the soya bran, which was obtained from a commercial supplier (Boots Ltd.).
RESULTS
Single-stage continuous cultures. Initial experiments to determine the reproducibility of the chemostats were carried out by using two vessels inoculated with the same fecal sample and operated under identical physical parameters. After 120 h, VFA production stabilized (89 and 92 mM in vessels A and B, respectively, with acetate/propionate/ butyrate ratios of 81:10:9 in vessel A and 79:11:10 in vessel B). By 120 h, ammonia production had also stabilized (18 and 21 mM). Very low levels of succinate (<2 mM) accumulated in the chemostats, but lactate was never detected. Glucose and all four polysaccharides (starch, pectin, arabinogalactan, and xylan) were completely broken down (data not shown).
Taken over the whole incubation period, the mean culture dry weights were 2.4 g (dry weight) of cells per liter in both vessels. The r value of 0.757 indicated a significant correlation (P = 0.1) between the trends in each vessel (Table 2) . During the period from 120 to 336 h, dry weights were stable (mean, 1.8 and 1.7 g [dry weight] of cells per liter), and variation was minimal around the equilibrium levels (r = -0.09).
Enumeration and identification of bacteria. The distribution of the major bacterial species in the two chemostats was found to be almost identical ( Fig. lj and k) . Total viable counts showed that anaerobes (range log1o, 9.4 to 10.6 cells per ml) always outnumbered aerobes (range log1o, 7.6 to 9.1 cells per ml). Aerobic bacteria were less stable than anaerobic populations, and the anaerobe/aerobe ratios varied considerably ( Fig. 1 ).
Bacterioides were the principal bacteria isolated (Fig. la Fig. 3c ). Counts showed that although Lactobacillus acidophilus occurred in significant numbers at the start of the experiment (log1o, 6.7 cells per ml), the bacterium was replaced by Lactobacillus fermentum and Lactobacillus brevis (mean log1o, 7.8 and 7.9 cells per ml, respectively) after 96 h. Clostridial numbers were high initially, but total numbers declined after 72 h (Fig. ld) . At time zero, six Clostridium species were present, but only C. ramosum and C. perfringens were detected thereafter. C. paraputrificum, C. bifermentans, C. innocuum, and C. aminovalericum were not found after 48 h.
Propionibacteria were not detected before 72 h (Fig. le) . However, populations of two nitrate-reducing species, both identified as Propionibacterium acnes, appeared after this propionibacteria (e), eubacteria (f), anaerobic cocci (g), streptococci (h), coliforms (i), total aerobes (j), and total anaerobes (k).
time. (Fig. lg) . Aerobic populations were less diverse than anaerobic populations ( Fig. lh and i (Table 2 ) demonstrate that, taken as a whole, the two chemostats showed a high degree of correlation with respect to chemical measurement data and most bacterial populations (r > 0.15; P < 0.05). However, total anaerobic counts (r = 0.494; P < 0.1), total aerobic counts (r = 0.293; P > 0.1), and total numbers of eubacteria (r = 0.451; P < 0.1) had low correlations. After 120 h most positive correlations disappeared, but counts of total aerobes, bacteroides, anaerobic cocci, streptococci, and coliforms had r values of >0.583 (P < 0.1). Fermentation products and other counts showed low (<0.2) or negative r values.
Multistage continuous culture experiments. The system was operated at two different retention times (79 and 38 h), with polysaccharides from soya bran as the sole source of carbohydrate. Acetate, propionate, succinate, and, to a lesser extent, butyrate and lactate were the main fermentation products (Table 3) . Acetate predominated in all vessels irrespective of the retention time, but the ratio of acetate to propionate and butyrate increased progressively from vessel 1 through vessels 4 and 5. The reverse occurred with succinate and lactate. The decrease in concentrations of these latter fermentation intermediates, together with VFA data, suggested that they were further metabolized to acetate and propionate in vessels 2 through 5. Reducing the retention time from 79 to 38 h did not quantitatively affect the organic acids formed, but the production of lactate and succinate in vessel 1 was increased.
While anaerobes always predominated over aerobes in the MCS (Fig. 2) , the system retention times markedly influenced the relative proportions of the different populations. With the exception of vessel 1, anaerobic bacteria increased by up to a factor of 10 when the retention time was reduced to 38 h (Fig. 2g and h ). This increase in anaerobe/aerobe ratios was principally due to higher recoveries of bacteroides. B. ovatus and B. thetaiotaomicron were always present in high numbers in the MCS, whereas B. vulgatus had a comparatively restricted distribution in the system, particularly when the retention time was 79 h. Populations of C. perfringens, Clostridium butyricum, Clostridium clostridiforme (Fig. 2c) , and propionibacteria (Fig. 2d) were greatest at the higher retention time. Fusobacteria (two species identified as Fusobacterium necrophorum and Fusobacterium necrogenes) were always greatest in vessel 1 and, at a retention time of 38 h, in vessel 2 (Fig. 2b) . In general, viable counts of anaerobes decreased from vessels 1 to 5, and this was most marked at the high retention time. Bifidobacteria, lactobacilli, and eubacteria were not found. Coliforms were maintained in significant numbers in vessels 1 and 2 at both retention times (Fig. 2e ) but were present in greatest numbers when the retention time was 79 h. The streptococci competed better in all vessels at a retention time of 38 h (Fig.  2f) . Total aerobic counts generally reflected the sum of these effects (Fig. 2g) , with the result that they appeared to be little influenced by system retention.
DISCUSSION
When mixed populations of bacteria from a fecal inoculum were grown in two chemostats on identical media under carbohydrate limitation, steady-state conditions were attained within 120 h (five culture turnovers). An analysis of fermentation products from the steady-state cultures showed that the mean molar ratios of acetate, propionate, and butyrate were almost identical. By use of the enumeration criteria in Table 1 , a total of 17 different species of bacteria were identified as being the predominant organisms, but many more species were present in the chemostats in numbers lower than the plating thresholds set. While the selection of bacteria from the original fecal inoculum occurred, complex microbial communities, representative of those present in the large gut, were maintained in both vessels, and there was a high level of homology between the fermentors (Table 2) . A statistical analysis of results reflected the general similarity in trends of bacterial counts and activities in both vessels during the initial equilibration period, whereas the low or negative correlations obtained after 120 h indicated random variation around equilibrium levels ( Table 2) .
It is not particularly surprising that a chemostat inoculated with feces and operated at a constant dilution rate should achieve some form of steady state. This equilibrium reflects selective pressures resulting from a combination of many factors such as the composition of the growth medium, the types of bacteria present in the inoculum, the dilution rate, and the nutritional interrelationships of the component species (11, 12) .
Complex populations of bacteria characteristic of those found in the mouse cecum have also been maintained for long periods in continuous culture (13) . From these experi- ments the authors suggested that the buildup of bacteria on the fermentor walls was an important factor in stabilizing the ecosystem. Wall growth, although not extensive, was observed in our chemostats; however, its contribution to the establishment and maintenance of the various bacterial communities is unclear. If detailed ecological studies are carried out with mixed populations of fecal bacteria in vitro, it is important to define the reproducibility of data that can be attained. These experiments showed that reproducible results from in vitro fermentation experiments could be achieved by using simple continuous culture systems.
Most of the diet of humans is efficiently digested and absorbed in the small gut (5, 6) . Consequently, substrates entering the large bowel are composed of materials that for various reasons have escaped small intestinal digestion. Digesta from the small intestine enters the right colon at the cecum, where the more readily degradable components are rapidly fermented (39) . As a result, less carbohydrate is available for fermentation in the left colon and this region of the gut is frequently an energy-deficient environment. Under such conditions, growth rates of bacteria are probably quite low (33, 34) and maintenance energy makes up a large proportion of total energy utilization (31) .
In a manner crudely analogous to the large gut, the MCS provided a gradient of nutrient availability that decreased distally through the system. The nutritional conditions in vessel 1 were probably closest to those extant in the right colon, whereas those in the remaining, more nutrient-depleted vessels would be more similar to conditions in the left colon. However, the MCS was not intended to be a model of the large gut but, rather, a system in which some of the spatial and nutritional characteristics of the colonic environment could be reproduced to study the fermentation of a specific carbohydrate source.
In the preliminary experiments with single-stage chemostats, individual purified polysaccharides were used in the culture medium. However, in studies in which the MCS was used, the carbohydrates (cellulose, pectin, xylan, and arabinogalactan) were present as complexes within the soya bran; hence, the polysaccharides were present in a form considerably less accessible to the bacteria. Nutritionally, the MCS was a markedly more exacting environment than that in the single-stage chemostats, and this was reflected to a large extent in the lower species diversity found in all MCS vessels (Fig. 2) .
Transit times (retention times) of digesta in the intestinal tract have been reported to range from 12 to 120 h (38) , but little is known of the effect of transit time on individual bacterial populations and activities in the gut. Bacteriological and fermentation measurements were, therefore, carried out at two different retention times (79 and 38 h) to investigate the effect of varying this parameter. The results showed that the total amounts of acidic fermentation products (ca. 35 to 38 mM in vessel 1 and 59 to 61 mM in vessel 5) were unaffected by the retention time, while individual VFA molar ratios were growth rate dependent (Table 3) (3) . Similarly, in the MCS the highest concentrations of these carboxylic acids were always found in vessels 1 and 2, suggesting that secondary feeding of lactate and succinate was probably important. Although a variety of bacterial types were maintained in the MCS (Fig. 2) , the nutritional interrelationships among the individual species are largely unknown. B. fragilis group organisms constitute the single most numerous group of bacteria in the human gut (10, 32) , where they are thought to be important in the fermentation of polysaccharides (22, 32, 33) . The selection of bacteroides in the MCS by soya bran polysaccharides provides good supporting evidence for this. The B. fragilis group consists of a number of species, and B. ovatus and B. thetaiotaomicron, in particular, appear to be the most nutritionally versatile with respect to the ability to utilize complex polysaccharides (34) .
Pure culture studies with B. thetaiotaomicron have shown that increasing growth rates result in the production of more succinate and less propionate (20) . A similar effect was noted with mixed populations of gut bacteria in the MCS. The relatively high concentrations of acetate and propionate in the system probably reflect the predominance of bacteroides in fermenting the soya bran polysaccharides. B. ovatus and B. thetaiotaomicron, by virtue of their high numbers, were nutritionally best adapted to grow in the MCS (Fig. 2 and 3) . At a retention time of 79 h, B. vulgatus was only detected in vessel 1. A wider distribution of this species was observed (vessels 1, 2, and 3) when the retention time was reduced to 38 h, indicating that this bacterium could not effectively compete with B. ovatus or B. thetaiotaomicron when polysaccharide availability was more limiting.
Ecological experiments in which simple chemostats are used have several advantages in that they are simple, easy to use, and economic of materials, but given the complexity of the large intestinal fermentation, a single-stage continuous culture system cannot reproduce the heterogeneity of physical conditions and nutrient availabilities that occur in different parts of the colon. Multistage chemostats are able to closely reproduce the associations of bacteria responsible for the breakdown of complex materials in aquatic environments (17) and have been used to investigate a variety of microbial activities elsewhere (14, 27) . Our work with multistage continuous cultures suggests that such systems may also be of value in studies on the ecology of human gut bacteria.
